Background and Aims: The history of Vitis vinifera L. cv. Verdelho has been studied, however, its geographic origin remains unknown. Although not widespread in mainland Portugal, Verdelho has gained a reputation as a Madeira wine, which has led most authors to attribute its origin to the Madeira Islands. The objective of this work was to determine the origin of Verdelho. Methods and Results: An integrated strategy was followed, combining the molecular analysis of 28 nuclear and three chloroplast DNA microsatellites with an historical literature search. Historical records of the presence of Verdelho in the Azores Islands were found and these preceded those of the Madeira Islands by about 200 years. Moreover, the genetic analysis supports Verdelho as the progenitor of the Azores cultivars, Arinto dos Açores and Terrantez do Pico, and as the progeny of cv. Savagnin. Conclusions: Verdelho is a key cultivar in the Azorean genetic diversity pool, sharing first-degree relationships with the two most important autochthonous grape cultivars, and reinforcing the historical data of its ancestry in the region. Significance of the Study: The results presented here, both historical and genetic, shed new light on the origin of Verdelho, and suggest that the Azores Islands is the site where this cultivar was likely to have originated.
Introduction
Despite the historical and economic importance of viticulture worldwide, little is known about the origin of many ancient cultivars of Vitis vinifera L. This is true for Verdelho [Vitis International Cultivar Catalogue (VIVC) 22304] (Maul and Röckel 2015) , which is a white grape cultivar, known for producing some of the world's most enduring fortified wines and also fresh and aromatic dry table wines. Verdelho can be found in limited areas of the Azores, Madeira and mainland Portugal. Nevertheless, it is widely distributed in the 'new world' wine regions, with plantings comprising 1603 ha in Australia, 26 ha in the USA, 25 ha in South Africa and 16 ha in Argentina (Anderson and Aryal 2013, Vine to Wine Circle 2017) .
The origin of Verdelho has been studied but continues to be problematic due to the existence of synonyms and homonyms within and outside of Portugal (Eiras-Dias et al. 2006 , Lopes et al. 2009 , Cunha et al. 2016 . It is now acknowledged that Verdelho is different from the Italian cv. Verdicchio (VIVC 12963) (Eiras-Dias et al. 2006 ) and the Spanish cv. Verdejo (VIVC 12949) (Martín et al. 2006) . Also, there has been long-term confusion between Verdelho, cv. Gouveio (VIVC 12953) and other grape cultivars (Fernandes 1532 , Villa-Nova 1790 , Maior 1865 , 1866 , Pimentel 1875 . Girão (1822) also states that Verdelho in Borba (Alentejo Apellation) is the cultivar Arinto (VIVC 602), describing Arinto in a manner consistent with the grape of Arinto known today. Such confusion remains, both in the popular and scientific community (Lacombe et al. 2013) .
The popular belief is that Verdelho was brought from the mainland to the islands of Portugal. The cultivar, however, has not been identified in old vineyards of continental Portugal (Cunha et al. 2016) . Verdelho was identified only in old vineyards in the Madeira and Azores archipelagos, as well as in the Canary Islands and in the Loire Valley.
Historically, Verdelho has gained a reputation, especially with Madeira wines, to which most of the contemporary authors attribute their origin (Hancock 2009 ). Conversely, Azorean authors write that Verdelho was imported in the 15th century either from Cyprus in 1470 (Lima 1928) , or from Madeira in 1480, by Friar Pedro Gigante (Rebelo 1885) or from Sicily (Frutuoso 1589a) . The Azorean Island of Pico was known to produce high quality fortified wines that were exported to Europe and to the Americas, competing directly with the wines of Madeira, and sometimes sold as Madeira wines (Hancock 2009 ). Furthermore, after Czar Nicholas II of Russia was deposed and executed, researchers found wines from Pico in his imperial cellar (Magalhães 2008) , which historically supports the evidence of the production of long lasting wines in the Azorean region, where this style of wines is known as 'Vinho Verdelho'.
To understand better the history of V. vinifera L. migration, it is important to document the parentage of autochthonous cultivars. Pedigree reconstruction studies with nuclear microsatellite markers [simple sequence repeats (SSRs)] provide insights into relationships among grapevine cultivars and explain their history (Imazio et al. 2006 , Myles et al. 2011 , Lacombe et al. 2013 . Similarly, chloroplast DNA microsatellites (cpSSRs) are useful to define the direction of parental crosses (Ibáñez et al. 2009) and to assess the geographic origin of grapevine cultivars (Arroyo- García et al. 2006) , which can be difficult to establish due to intense rates of plant material exchange . The combination of nuclear and chloroplast SSRs is useful for investigating the origin and evolution of grapevines (Santana et al. 2010) , and this approach has been used in this study.
The objective of this study was to establish the geographic origin of Verdelho through combining the interpretation of relevant historical information about Verdelho with nuclear and chloroplast microsatellites analysis, used to investigate parentage and proximity.
Materials and methods

Historical analysis
Relevant grape and wine citations in the literature from the 15th century to the early 19th century were reviewed. This information was then combined with the results of genetic analysis to better understand potential origin.
Plant material sampling and DNA extraction
Twenty-nine clones of Verdelho from the clonal field in Graciosa Island, 100 clones of Arinto dos Açores and 94 clones of Terrantez do Pico, both from Pico Island, were genotyped (Table S1 ). In addition to this, 34 grapevine samples considered by farmers to be different from the others on the island of Pico were also collected to help characterise the diversity of the Azorean germplasm. These vineyards were all more than 50 years old and were classified as 'old vineyards'.
Total DNA was extracted from young leaves (approximately 100 mg) stored at −20 C using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The final quality and concentration of the DNA was confirmed with a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Amplification of nuclear and chloroplast SSR
The samples in this study were analysed with a set of 14 nuclear SSR (nSSR) markers previously optimised and with improved resolution (Santos et al. 2013 ) scattered throughout the genome. Of these, six SSRs are recommended by the Organisation Internationale de la Vigne et du Vin (OIV) and used in the European Vitis database, descriptors 801 to 806 -VVMD5, VVMD7, VVMD27, VrZAG62, VrZAG79 and VVS2 -and three SSR markers proposed by the European Project GrapeGen06 -VVMD28, VVMD32 and VVMD25 (Bacilieri et al. 2010) . To improve accuracy, five additional SSR markers were chosenVVIb01, VVIq52, VVIh54, VVIp60 and VVIn16 (Merdinoglu et al. 2005) . Microsatellites were amplified in three multiplex reactions using fluorescently labelled forward primers (Applied Biosystems, Foster City, CA, USA) and made up to a final volume of 12.5 μL using Type-it Multiplex PCR Kit (Qiagen). The PCR reaction contained 5 ng total DNA and 11.5 μL of Type-it Multiplex master mix with primers in the concentration summarised in Table S2 .
The PCR cycles were as follows: an initial denaturation step at 95 C for 5 min; 28 cycles of 30 s at 95 C, 1 min and 30 s at 56 C, and 30 s at 72 C; and final extension of 30 min at 60 C. The PCR products were genotyped on a 3500 Genetic Analyser (Applied Biosystems) using GeneScan 500 LIZ Size Standard (Applied Biosystems). Fluorescent PCR products were automatically sized using GeneMapper software v4.1 (Applied Biosystems).
In order to confirm the hypothesis developed from the 14 SSRs, an extended analysis was undertaken at 14 additional SSR loci, with up to 28 SSR markers: VVIn61, VVIb66, VVIv37, VVIv67, VVIn73, VVIp31, VVIv33 (Merdinoglu et al. 2005) , VVMD21, VVMD24 (Bowers et al. 1999) , VMC4D9.2, VMC3D8 (Doligez et al. 2006), VMC4G6, VMC4f3 and VMC1b11 (Di Gaspero et al. 2000) , thus covering the 19 chromosomes of the vine. Information about the primer sequences, size ranges and dyes are presented in Table S2 .
Three chloroplast DNA SSRs (cpSSR) were used, as these are described as the most polymorphic in grapevine: ccmp3, ccmp5 and ccmp10 (Weising and Gardner 1999) . The forward primer of each pair was fluorescently labelled with 6-carboxyfluorescein (6-FAM) (ccmp3), 2 0 -chloro-7 0 phenyl-1,-4-dichloro-6-carboxyfluorescein (VIC) (ccmp5) or 2 0 -chloro-5 0 -fluoro-7 0 ,8 0 -benzo-1,4-dichloro-6-carboxyfluorescein (NED) (ccmp10). Amplification was done in one multiplex PCR reaction using Type-it Multiplex PCR Kit (Qiagen) and under the same conditions as described above for nuclear SSR, with the following primer concentration: ccmp3 at 0.1 μmol, ccmp5 at 0.09 μmol and ccmp10 at 0.06 μmol. Fragments were analysed under the conditions described above.
GenAlEx 6.5 software (Peakall and Smouse 2006) was used to identify the number of alleles (Na), the number of effective alleles (Ne), and observed and expected heterozygosity (Ho, He). BioNumerics software v.6.5 (Applied Maths, Sint-Martens-Latem, Belgium) was used to calculate a dendrogram from pairwise similarity values using unweighted pair group method with arithmetic mean (UPGMA) method.
Databases
To aid identification, microsatellite data were matched against several national and international databases, after allele sizes were standardised for calibration purposes and according to international reference cultivars given in each database.
In this study, we used 2655 V. vinifera unique genotypes gathered from several international databases, namely: Vitis International Variety Catalogue (Maul and Röckel 2015) , Vitis Western-Balkans database (Vitis-WBC 2016), accessions representative from the Maghreb region (Riahi et al. 2009 ), a large sample of V. vinifera cultivars held in the Institut National de la Recherche Agronomique Domaine de Vassal Grape Germplasm Repository (Lacombe et al. 2013) , French database (Pl@ntGrape 2016), the database of vine cultivars of the Canary Islands (Vitiscanarias 2016) , native cultivars of Cyprus (Hvarleva et al. 2005 ) and a proprietary database of Portuguese biodiversity.
Thus, the final database includes genotypes from several geographical origins, characterised with a minimum of 6 SSRs and a maximum of 14 SSRs. All duplicates were eliminated and our dataset corresponds to 2655 unique genotypes of V. vinifera (i.e. cultivars having different nSSR profiles) without synonyms, clones or mutants.
Parentage analysis
The parentage analysis was conducted using the Cervus3.0 software (Kalinowski et al. 2007 ). Generally, in parentage analysis 20 SSRs are used (García-Muñoz et al. 2011) , or approximately ten SSRs when verifying reported pedigrees (Lopes et al. 1999) . Therefore, for this analysis, we selected 1500 cultivars from the database, which were genotyped with at least 14 SSRs.
A discrepancy in two loci was fixed to allow for possible mistakes, presence of null alleles or mutations (Hoffman and Amos 2005) . Possible parents determined by the logarithm of odds (LOD) scores and significance thresholds were probed against the cultivars characterised with the set of 28 SSR markers. Likelihood ratios were calculated with Cervus3.0 from alleles frequencies based on this set of data.
Coancestry 1.0 software (Wang 2011 ) was used to confirm the parent-offspring relationships suggested by Cervus and to assign new categories. This software estimates three relatedness coefficients: Δ7, Δ8, and relatedness (r) (Lynch and Ritland 1999, Wang 2002) . The 95% confidence intervals were estimated on the basis of 1000 bootstraps. As the coefficients are estimated based on the allelic frequency of each locus, this parameter was calculated from the profiles of the cultivars genotyped with 28 microsatellite markers. The Coancestry values were compared with theoretical values suggested in the Coancestry 1.0 User manual to assign the proper relationship category.
Results and discussion
Historical research
The Instituto do Vinho, do Bordado e do Artesanato da Madeira (2017) website states that Verdelho may have come from mainland Portugal or from the Azores Islands. In contrast, on the Wine of Azores website (AzoreanWines 2017), it is proposed that Verdelho might have come either from Madeira, Cyprus or Sicily. Also to note, however, that Verdelho has never been identified in mainland Portugal, which strongly suggests that it may not have existed there.
Some documents referencing Azorean wines, named 'Fayal wines', refer to the island from where wines were shipped but make no mention of the grape cultivars. In one of the oldest works we studied, written somewhere between 1522 and 1591 by Gaspar Frutuoso, about the islands of the Azores, Madeira and Canaries, we found the first mention to the Verdelho cultivar. The author refers to Verdelho in the Terceira Island in Azores, but not in Madeira, nor in the Canary Islands (Frutuoso 1589b) . It is in the abundant documentation about Madeira wines that more information can be found. The absence of any mention of Verdelho before the 19th century, in over 350 years of bibliography, creates a gap of approximately 200 years between the first citation of Verdelho in the Azores and in Madeira. Several authors mention often the presence of cv. Malvasia in Madeira, and other grapes, but never Verdelho (Cadamosto 1455 , Frutuoso 1589a , Bolton 1695 , Sloane 1707 . Indeed, the first citation found in Madeira is in 1811, when Gourlay shows an incredible list of 25 different cultivars, and then says 'but if this great number of kinds was reduced to the Negro Mole, the Verdelho, and the Bual the wines would certainly be of much better quality' (Gourlay 1811) . Recent authors such as David Hancock, after consulting local Madeira records, states that in 1768 Verdelho cuttings were sent from Madeira (Hancock 2009 ); also Alex Lindell claims, quoting the Madeira researcher Alberto Vieira, that in 1783 Verdelho was legislated as one of the cultivars to be planted in Porto Santo (Liddell 1998) .
Later, Jullien (1816) classified Madeira wines and again referred only to Malvasia, cv. Sercial and cv. Tinta Negra, suggesting that although Verdelho may have existed already, it was still not widely known. Alberto Vieira lists the grape cultivars of Madeira wine throughout history, and reinforces that the presence of Verdelho in Madeira is late 1700s early 1800s (Vieira 2003) . In 1822, Girão states for the islands of Azores 'Verdelho is the most used grape' (Girão 1822 ). An also important reference is one from Pierre Odart, an experienced ampelographer with six publications, from 1837 to 1873, clarifying that Verdelho was different from Gouveio and that Verdelho and cv. Vidonho were different cultivars, dismissing the possibility raised by some authors such as Liddell that Verdelho and Vidonho could have been synonymous. Odart (1841) also states that he planted Verdelho in both Touraine and Crimea, emphasising that: 'I cannot recommend more this cultivar to my contacts in Touraine, it is doing very well', shedding some light on the presence of Verdelho in the old vineyards of Loire.
The attribution of the origin of a cultivar to a given region can be made from the antiquity of bibliographical citations. If a cultivar is mentioned much earlier in one region than in another, it can be inferred that it existed before in the former (Vouillamoz et al. 2004) . The absence of Verdelho in texts from 1455 to 1811 about Madeira grape cultivars, coupled with the first citation of Verdelho in the Azores being about 200 years before any citation in Madeira, suggest that the origin of Verdelho is the Azores Islands.
Cultivar identification and detection of synonymies
For cultivar identification, we have used the set of 14 nuclear SSRs and have compared the genotypes with the total database (2655 accessions). In order to characterise the three autochthonous cultivars of the Azores Islands, samples of different phenotypes (clones) of cv. Arinto dos Açores (VIVC 25519), Verdelho and cv. Terrantez do Pico (VIVC 40708), were collected from the mass selection fields on the Islands of Pico, São Miguel and Graciosa with the assistance of the Agrarian Development Services. Of the 223 phenotypes that were genotyped, all were correctly identified with the exception of three: two clones identified as being Verdelho were genotyped as Arinto dos Açores, and another clone of Arinto dos Açores was shown to be Verdelho (Table S1 ).
In order to characterise the existing genetic diversity in Pico Island, we have also analysed 34 samples from old vineyards with the 14 SSR set. The number of alleles (Na) detected among the accessions was 78; per locus it ranged from three (VVIh54 and VVIq52) to ten (VVMD28), with an average of 5.7, as shown in Table 1 . The effective number of alleles (Ne) per locus ranged from 2.086 (VVIhb01 locus) to 5.152 (VVMD28 locus). An analysis of 39 Portuguese cultivars with 12 SSRs (seven SSR coincident with the present study) also reported VVMD28 having more alleles per locus but with an average of 9.2 (Castro et al. 2011 ). This higher average is due to the two loci used in our study (VVIh54 and VVIq52) with low number of alleles per locus.
Expected heterozygosity (He) ranged from 0.521 (VVIhb01) to 0.806 (VVMD28), while the observed heterozygosity (Ho) ranged from 0.593 (VVIhb01 and VrZAG79) to 1 (VVMD5 and VVMD28). In all cases, except for VrZAG79, Ho was higher than He. The Ho and the He reached the highest values for VVMD28, as reported before in Portuguese diversity (Castro et al. 2011) .
The 34 samples analysed were grouped into 11 different non-redundant genotypes ( Interestingly, three samples collected with the description of 'giant or big bunch' were identified as cv. Alicante Branco [Planta Fina in Spain (VIVC 9542)], which correlates with the ampelography of this cultivar (Vine to Wine Circle 2017).
We have also screened for Verdelho among the available public databases, and have confirmed that it is a unique genotype, with no synonyms outside Portugal. In a previous work (Lopes et al. 1999 ) Verdelho Branco and Verdelho da Madeira were identified as being synonyms of Verdelho, and Verdelho Roxo is a colour mutation. Also Ferreira et al. (2015) reported that Verdelho Feijão is a synonym of Verdelho Tinto, both genetically different from Verdelho, with seven SSRs (in 14) without alleles in common with Verdelho.
Parentage and kin group analysis
Parentage analysis was undertaken in a two-step approach commonly used in the identification of pedigrees in grapevine (Di Vecchi et al. 2007 , Vouillamoz et al. 2007 ). Initially, the 1500 unique genotypes characterised with the set of 14 SSRs were analysed for possible parent-offspring relationships including Verdelho. Then, based on these results a second dataset was defined to analyse the 28 SSRs. This set was defined by maintaining the hypothesis from the first step, and adding accessions that showed a mismatch of two alleles either with Verdelho, Arinto dos Açores or Terrantez do Pico, in a total of 61 cultivars (Table S3) .
The parentage analysis of the first dataset with 14 SSRs, using CERVUS software, has suggested two valid putative parent pairs for Verdelho: cv. Chenin Blanc (VIVC 2527) × cv. Varejoa (VIVC 12498) and cv. Binzelo (VIVC 40717) × Varejoa ( Table 3 ). As shown in Table 2 , we have also suggested that Verdelho is the putative parent of both Arinto dos Açores and Terrantez do Pico, two of the three native cultivars of Azores (along with Verdelho). The possible parent pairs were Arinto dos Açores = Verdelho × cv. Cercial (VIVC 16437) and Terrantez do Pico = Verdelho × Bastardo both with high pair and trio scores.
Verdelho has also displayed first-degree relationships with many cultivars (among the 1500) sharing at least half of their alleles at each of the 14 SSRs analysed (Table S3) . In order to confirm or reject these results, we have further investigated these relationships by increasing the number of SSR loci analysed to 28. These loci have been selected as the most polymorphic ones, and the coverage of the genome was guaranteed by having at least one SSR for each chromosome.
After the analysis of the 28 SSR set, both putative parentages obtained previously, Verdelho = Chenin Blanc × Varejoa and Verdelho = Binzelo × Varejoa, were not supported further because Varejoa and Binzelo presented a mismatch in two alleles while Chenin Blanc presents three discrepancies with Verdelho (Table S3) . We have identified only cv. Savagnin (VIVC 17636) as a putative parent for Verdelho, without discrepancies on 28 loci, reinforcing this as a probable progenitor. The remaining cultivars, for which the 14 SSR set has shown a possible first-degree relationship with Verdelho, showed discrepancies in two or more alleles, thus excluding these hypothesis (Table S3 ).
In the putative parent pair Arinto dos Açores = Verdelho × Cercial, while Verdelho has shared at least one allele in common in the 28 SSRs, Cercial was discarded with the 28 nSSRs showing three discrepancies with Arinto dos Açores. Therefore, Verdelho was the only cultivar having no discrepancies with Arinto dos Açores, which suggests it as being the most likely parent (Table 4) .
Regarding the progeny Terrantez do Pico = Verdelho × Bastardo, the addition of 14 SSRs also strengthened this view, because there is no mismatch and the trio LOD score is high. Interestingly, Bastardo (Trousseau Noir in France) is a commonly used cultivar for wine production in Portugal and has been mentioned by Girão to be part of the cultivars used in Pico and Faial Islands (Girão 1822) . These results are in agreement with those recently published by Mestre (2016) , which also present Bastardo and Verdelho to be the likely parents of Terrantez do Pico (with 16 SSRs). With Arinto dos Açores this study refers Verdelho as a possible parent and a relationship with Malvasia Fina (20 SSRs), which is now discarded and the proximity explained due to the proximity of Arinto dos Açores with Cercial, a progeny of Malvasia Fina (Lopes et al. 2006) .
To confirm the results obtained with Cervus, we analysed the data with Coancestry software, which estimates relatedness and allowed us to assign different category relationships. The values obtained using Coancestry were compared with theoretical values suggested in the User Manual. The relatedness coefficients for the already published pairs Savagnin/Gouveio, Savagnin/Verdejo Blanco and Bastardo/ Savagnin showed the typical values of PO relationship (Δ7 = 0; Δ8 = 1; r = 0.5; Donzelinho Tinto (VIVC 3653). As we can see in Table 5 , one pair showed the typical values of full-sibling (FS) relationship (Δ7 = 0.25; Δ8 = 0.5; r = 0.5): Alfrocheiro/Molar. Also six pairs showed half-sibling (HS) relationship (Δ7 = 0; Δ8 = 0.5; r = 0.25): Arinto dos Açores/Terrantez do Pico, Verdelho/Bastardo, Chenin Blanc/Verdelho, Verdelho/Gouveio, Alfrocheiro/Verdelho and Verdejo Blanco/Verdelho. In summary, the previously identified relationships with Cervus were confirmed with category assignments in Coancestry Software. A previous study based on SNP analysis has proposed that Verdelho and Chenin Blanc are descendants of Savagnin (Myles et al. 2011) . Another study of Lacombe et al. (2013) , using 20 SSRs, indicates that Verdelho may have descended from Savagnin or Chenin Blanc, with close scores. Our work discards the possibility of Chenin Blanc to be one of the parents of Verdelho and supports the theory of Savagnin being the parent of both Verdelho and Chenin Blanc (Table 6) , as analysed by both Cervus and Coancestry software. Furthermore, it is also shown that Chenin Blanc and Verdelho are half-siblings. Indeed, Savagnin (or Traminer) is an old cultivar that has developed several different forms over centuries of vegetative propagation, like other ancient cultivars, such as cv. Pinot Noir or cv. Gouais Blanc. Today Savagnin shows a considerable level of clonal diversity, and some of these forms have often been mistakenly considered to be distinct cultivars (cv. Gewürztraminer or Traminer). Yet, DNA profiling has shown that they all correspond to the same cultivar (Robinson et al. 2012) .
Savagnin was named a 'founder grape' because, like Pinot Noir, it appears to be the source grape of cv. Sauvignon Blanc, Chenin Blanc, cv. Grüner Veltliner, cv. Petit Manseng among others (Robinson et al. 2012) . Considering the frequent parentage, one can estimate the importance of this cultivar for the development of many European cultivars (Myles et al. 2011 ). 14/0 2.05E + 15 †Pair and Trio scores are the odd ratios for the pair and the trio, respectively. ‡Trio mismatch is the number of discrepancies in the total simple sequence repeats. §The values of the published pedigree for Caladoc (Lacombe et al. 2013 ) are presented as a reference. Table 4 . Parent-offspring relationships including Verdelho generated with the genetic data obtained from 28 simple sequence repeats using Cervus software. In the particular case of Portuguese cultivars, our results have shown that Savagnin might be in the origin of at least five more: Bastardo, Molar, Alfrocheiro, Donzelinho Tinto and Viosinho, having 0 mismatch in 24 SSRs. The parentoffspring relationship of Bastardo, Viosinho, Gouveio and Verdejo Blanco with Savagnin has already been described by Lacombe et al. (2013) with 20 SSRs, and has also been confirmed by our results. Although we did not find any historical references to the presence of Savagnin in Portugal, this indicates that this cultivar must have been in the Iberian Peninsula and in Azores at some stage. Presently, Savagnin is in the Portuguese list of grape cultivars authorised for wine production under the name Gewürztraminer (Ministério da Agricultura do Mar do Ambiente e do Ordenamento do Território 2012), but no other synonyms are known.
Offspring
It is expected that the oldest cultivars will be the most common parents of other cultivars (Bowers et al. 1999) . There is also a strong indication that there was a historical genetic bottleneck in some regions, possibly due to cultivation practices and/or ownership of the vineyards ) that resulted in some cultivars being main progenitors.
Our molecular data suggest a Portuguese cultivar as the other parent of Verdelho. First, because there is a proximity of Savagnin with several other Portuguese cultivars (Table S2) , and second due to an allele size in VVDM5 locus, which is mainly present in Portuguese cultivars, that could have originated most likely in a cultivar that has disappeared. Lopes et al. (2009) have suggested that the origin of Verdelho was linked with V. vinifera subsp. sylvestris samples from the Montemor-o-Novo population. Another study, however, on the genetic relationships between wild and cultivated vines in Portugal (Cunha et al. 2010) , has demonstrated that Verdelho did not cluster with the sylvestris accessions of the Montemor-o-Novo population. This was further supported by Cunha et al. (2016) who determined that Verdelho did not relate to wild vines of 'the continent'. Conversely, Mestre (2016) suggests that Verdelho has its origin in the northwest of the Iberian Peninsula, based on the presence of a specific allele in VVMD5 in the majority of the cultivars of this region, thus suggesting that the second progenitor originated in the northwest of Portugal. This is contradicted, however, by the presence of this allele in several cultivars, such as cv. Malvasia de São Jorge (VIVC 17689), cv. Bastardo Espanhol (VIVC 25773), cv. Arinto de Colares (VIVC 40715), cv. Negra Mole (Mollar Cano VIVC 7901), cv. Tinta Caiada (Parraleta VIVC 8951), among others, that do not have their origin in the north of Portugal. Mestre (2016) also argues that the proximity of Savagnin is mostly with cultivars of Northern Portugal, which is not supported by our findings, which show that Alfrocheiro, Molar and Donzelinho Tinto are also likely descendants of Savagnin, and do not have their origin in the north of Portugal (Cunha et al. 2015 (Cunha et al. , 2016 . Therefore, it is highly possible that Savagnin has not been confined to the northern region in the past.
Considering plant material exchange rates between regions, the geographical origin of cultivars is not easy to establish . Therefore, it is necessary to gather information on the geographical and genetic origins of the genotypes and the study of haplotypes rather than that for genotypes, exclusively.
Chlorotype analysis
To shed new light on the possible origin and their relationships, the haplotypes present in these cultivars were studied using chloroplast DNA microsatellite analysis.
The results of the haplotype for each cultivar are presented in Table 7 . We have confirmed that Verdelho has VVIh54  162  162  162  164  162  164  162  164  162  164  VVIq52  76  82  82  82  76  82  82  82  76  82  VVMD5  228  234  218  228  218  222  228  234  234  234  VVMD  239  253  235  253  235  253  235  235  235  253  VrZAG79  244  250  246  250  250  250  246  250  244  246  VVIhb01  287  293  287  289  289  289  287  289  287  289  VVMD25  246  246  238  246  238  246  246  252  246  252  VVMD27  184  184  176  184  174  184  170  184  170  184  VVMD32  239  271  255  271  239  255  255  271  239  255  VVS2  147  147  129  147  141  147  139  147  139 In summary, the conclusions from the nuclear SSR data are supported by the chloroplast SSR data. As shown in Figure 1 , Verdelho and its progeny present haplotype D, which came from the 'mother' Savagnin, while the other progenies of Savagnin are haplotype A, which characterises the Iberian Peninsula cultivars.
Screening the origins of Verdelho-historical theories
In order to confirm or to discard the historical origins highlighted in the Introduction section, cultivars of the Loire, Crete, Sicily, Cyprus, Canary and Madeira Islands were analysed to verify the genetic distance between these and Verdelho ( Figure S1 ). This has allowed us to perceive the proximity of Verdelho with grape cultivars from the different geographical regions, and to theorise about the eventual flow.
The introduction of Verdelho from Madeira into the Loire was probably made in 1841 by the hand of Pierre Odart (Odart 1841) , as mentioned in the historical research. Taking into account all the previous results, genetic distances were calculated for the 200 French cultivars whose genetic profiles are public, and of all the cultivars analysed only Savagnin presents no mismatch with Verdelho, in 28 SSRs loci as shown previously. Hegoa (VIVC 24214) presents a discrepancy of one locus in 20, however, it is known that this cultivar is a result of the crossing between Savagnin and cv. Petit Courbu (VIVC 3213) (Lacombe et al. 2013) ( Figure S1 only presents these two cultivars to shorten the dendogram).
Relatively to Crete, ten cultivars were included and results show that these cultivars are genetically distant from Verdelho. From Cyprus, 13 cultivars were compared and they are mostly gathered in one cluster, presenting no proximity to Verdelho. As far as Sicily is concerned, we have ten cultivars for comparison, and all the cultivars present two or more alleles with mismatch, indicating also that there is no proximity with these cultivars.
Of the 23 Canary cultivars that were used, only cv. Albillo crioullo (VIVC 25659) presents a mismatch of only one allele in 24 SSRs with Verdelho indicating some proximity that requires further investigation with more SSRs.
Concerning the genotypes of the traditional cultivars of Madeira, only Malvasia Branca de São Jorge has a mismatch of two alleles (in 24 SSRs) with Verdelho, and Molar that is part of the kinship of Savagnin (four alleles in 28 SSRs), shows some proximity to Verdelho.
By linking the historical and the genetic data, we can conclude that the early reports suggesting the origin of Verdelho in the Island of Candia (currently Crete) Cyprus or Sicily have been refuted by the genetic data, as there is no relation of Verdelho with the cultivars that exist in these regions. The Verdelho grape cultivar has been assumed to have originated in Madeira, with some Azorean authors, as well as the Azorian Regional Wine Commission and the Culture Interpretation Center of the Pico Wine, nominating Madeira as one of the possible origins of the Verdelho. The genetic data presented here, however, show that Verdelho has no relation with the other cultivars in Madeira, and thus does not support the theory that Verdelho has its origin in Madeira.
Conclusions
According to the 16th century reference of Gaspar Frutuoso (1522 to 1591) (Frutuoso 1589a,b) , we can conclude that the first mention of the Verdelho cultivar in the Azores precedes any mention in Madeira (1811) by about 200 years.
In the archipelago of the Azores, there are three white grape cultivars, Arinto dos Açores, Terrantez do Pico and Verdelho, which are not found in mainland Portugal. Furthermore, of these, only Verdelho is present outside the Azorian Islands. As demonstrated by our genetic data, Verdelho is the progenitor of Terrantez do Pico, and is the only option as the parent for Arinto dos Açores, suggesting not only that these two cultivars have their origin in the Azores but also indicating that Verdelho must have existed in Azores for a long time in order to have crossed spontaneously and generated offspring. This further strengthens the theory that the Azores is the cradle of Verdelho. Moreover, when considering a particular region, parentages and kinships highlight the main genitors that contributed to the local gene pool structure. Thus, in this work, the molecular data at 28 SSR loci showed that Verdelho is a key cultivar in the Azorean genetic diversity evolution, having a first-degree relationship with the two most important autochthonous grape cultivars, Arinto dos Açores and Terrantez do Pico. Furthermore, we have also shown that Verdelho is the likely female parent of both Arinto dos Açores and Terrantez do Pico. With regard to the parentage of Verdelho, we can conclude that one of the parents is most likely to be Savagnin, because it is the only cultivar that simultaneously accumulates 0 mismatch in 28 SSRs analysed and has haplotype D.
By gathering historical and genetic data, we have presented new insights into the origin of Verdelho and into the relationships among the cultivars from Azores Islands, suggesting Azores as being the likely geographical origin of Verdelho. Figure S1 . Dendogram of 62 cultivars based on unweighted pair group method with arithmetic mean (UPGMA) generated with the genetic data obtained from 28 simple sequence repeats. Table S1 . Clonal plant material origin and identification. Table S2 . Primers sequences, references, linkage group, dye, size range and concentrations used. Table S3 . List of cultivars analysed with 28 simple sequence repeats (SSR). Mismatch with 14 SSRs and with 28 SSRs.
